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PUBLIC SUMMARY

Cetaceans possess streamlined MHC regions with reduced gene content and repetitive elements.
Cetaceans maintain conserved MHC structural frameworks.

Class Il genes mediated ancestral cetaceans' aquatic transition, Class | genes drove species diversity.
Cetaceans exhibit aquatic adaptations, including olfactory reduction and metabolic downregulation.

Sousa chinensis exhibit specialized pathogen defense mechanisms and attenuated reproductive gene sets.
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Cetaceans have evolved numerous adaptations to thrive in aquatic envi-
ronments. In this study, we identified and analyzed the entire MHC regions
across cetacean species/populations and their terrestrial counterparts to
elucidate immune adaptation strategies to aquatic life. Results reveal
cetaceans have evolved a structurally streamlined MHC architecture,
marked by reduced repetitive sequences (e.g., loss of BovB, decreased
LTRs) and compacted gene content (class Il and extended class | regions).
Contracted gene sets were involved in olfactory transduction and repro-
duction. Class Il genes were found critical for the initial aquatic transition in
ancestral cetaceans, whereas class | genes facilitated subsequent habitat
specialization and diversification. Strong signatures of positive selection
were detected at both species level (e.g., in DR, TRIM, LTB, MOG genes) and
population level (e.g.,, in DR, TRIM, BTN, DQ genes) within S. chinensis.
These findings highlight the pivotal role of MHC-driven adaptations in
enabling cetaceans to colonize and thrive in diverse aquatic niches. Collec-
tively, our study provides key insights into the specialized immune evolu-
tion underpinning cetacean success in marine environments.

INTRODUCTION

Cetaceans are a group of marine mammals that evolved from terrestrial
ancestors to become fully marine residents, a transition occurring approxi-
mately 55 million years ago.'” As apex predators, they play pivotal roles in
marine ecosystems and serve as critical indicator species for ocean health.*’
We know that the Paleocene-Eocene Thermal Maximum event drove
cetacean ancestor back to the sea,” but the mechanisms by which their
lineage flourished in the marine environment remain poorly investigated to
date. A previous study demonstrated that high-performance metabolic and
ecological innovations predominantly originated on land after the Ordovician,
once organisms had overcome the challenges of life away from water, indi-
cating that marine ecosystems may be more stable and hospitable than
terrestrial ones, and therefore maintained reduced selective pressures.”
Huelsmann et al. also demonstrated that the loss of some genes during the
land-to-water transition in cetaceans contributed to genomic changes asso-
ciated with aquatic adaptations.” Other adaptations, including specialized
reproductive strategies, thermoregulatory mechanisms, cancer resistance,
and advanced biosonar systems, have also been reported." Notably, their
immune system is believed to have undergone significant evolutionary modi-
fications during the shift from land to sea, enabling survival and diversifica-
tion across diverse marine habitats.'’

The major histocompatibility complex (MHC) is a core component of the
immune system, found exclusively in jawed vertebrates." MHC genes encode
glycoproteins that are essential for the self/non-self discrimination critical to
immune responses.'“'* They are classified into three main categories: class |,
class I, and class Ill. Class | molecules are ubiquitously expressed on nucle-
ated cells, presenting endogenous antigens (e.g., from virus-infected or
cancerous cells) to CD8+ T cells. Class Il molecules, restricted to profes-
sional antigen-presenting cells (APCs) such as dendritic cells, macrophages,
and B cells, present exogenous peptides to CD4+ T cells.'” Class Ill genes
encode secreted complement factors (e.g., C2, C4, and B) involved in immune
responses.'*'®

In the oldest jawed vertebrates, MHC classes |, II, and Ill are typically
linked.'" Subsequent gnathostome ancestors exhibited a rearranged
sequence of class Il, I, and Ill genes, with class Ib genes remaining on the
same chromosome but outside the core MHC region.'' Marsupials display an
interspersed organization of class | and Il genes, whereas placental
mammals retain a relatively conserved MHC structure, with class |, class Il
and class Il regions arranged in a defined order.”” Strikingly, cetaceans
possess a distinct MHC class Il region characterized by two discontinuous
subregions (class lla and IIb), a result of an autosomal inversion.”* However,
the evolutionary significance of this inversion remains unresolved.

The MHC is among the most polymorphic regions in vertebrate genomes,
primarily driven by pathogen-mediated selection that maintains genetic
diversity.”* Its evolution follows a complex "birth-death” model, involving
gene duplication, diversification through ectopic recombination, and pseudo-
genization.”” This dynamic process generates high copy number variation,
further complicating analyses of genetic diversity and phylogenetic relation-
ships within the MHC.

As a clade of “secondarily aquatic’ mammals, cetaceans represent a
unique evolutionary lineage and serve as a model for studying molecular
mechanisms of environmental adaptation.” The Indo-Pacific humpback
dolphin (Sousa chinensis), a subtropical-to-tropical inshore species with high
habitat fidelity, inhabits ecologically distinct coastal shallow waters.”® Given
escalating threats from global environmental changes and anthropogenic
activities, S. chinensis emerges as an ideal species for investigating cetacean
immune system evolution and adaptation.”

In this study, we construct high-resolution maps of the MHC structures
across cetacean species and their terrestrial relatives, using human MHC as
an outgroup. Through comparative genomics, we explore immune system
evolution at genetic and genomic levels, focusing on the cetartiodactyl transi-
tion from land to sea. By analyzing MHC gene divergence, selective pres-
sures, and evolutionary dynamics, we aim to elucidate their role in environ-
mental adaptation. Furthermore, we examine population-level genetic diver-
sity and evolutionary patterns in several S. chinensis populations from the
South China Sea, providing insights into their immune system adaptation to
aquatic environments. Our findings will establish a foundational understand-
ing of cetacean immune mechanisms and inform conservation strategies for
this ecologically and evolutionarily significant group.

MATERIALS AND METHODS
MHC annotation

The raw genome sequencing data of the S. chinensis were obtained from
our previous study.® Tandem repeats were predicted using Tandem Repeat
Finder v4.09. An ab initio repeat library was constructed with RepeatModeler
v2.0.4°" Long terminal repeats (LTRs) were annotated using LTR_retriever
v2.9.9% and the annotated LTR sequences were merged with de novo
predicted results, excluding the de novo annotated LTR library. Repeat-
Masker v4.1.2,* combined with Dfam3.7 and RepBase v18.10, as well as the
ab initio repeat library, was used to identify homologous and novel repeats.

Gene annotation involved two approaches. Ab initio annotation was
conducted using AUGUSTUS v3.4.0,* while homology-based annotation
utilized well-annotated protein sequences downloaded from NCBI for species
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Figure 1. MHC structure of the S. chinensis.

such as human (Homo sapiens), cattle (Bos taurus), sheep (Ovis aries),
bottlenose dolphin (Tursiops truncatus), blue whale (Balaenoptera musculus),
sperm whale (Physeter macrocephalus), Yangtze finless porpoise, minke
whale (Balaenoptera acutorostrata), and killer whale (Orcinus orca). Addition-
ally, HLA gene protein sequences were retrieved from the HLA Nomenclature
website (https://hla.alleles.org/alleles/index.html). Protein sequences with
high-quality annotations were also obtained from the UniProt database using
gene names as search criteria, and these sequences were incorporated into
the GeneWise v2.4.1 database.” The results of gene prediction were inte-
grated using EVidenceModeler v1.1.1% and subsequently validated through
comparison with a more comprehensive protein database using the online
NCBI BLAST system, yielding the final annotation. Using the same methodol-
ogy, we identified the complete MHC sequences of cattle, sheep, blue whale,
sperm whale, and minke whale as well.

Multi-species gene collinearity analysis and confirmation of MHC region

We selected the following species for multi-species gene collinearity analysis:
S. chinensis, B. musculus, P. macrocephalus, B. acutorostrata, and their
terrestrial relatives B. taurus and O. aries, as well as H. sapiens, all of which
possess high-quality chromosome-level assembled genomes. Genome data
for these species were obtained from NCBI (Table S1).

Pairwise comparisons between species were conducted using DIAMOND
(v2.0.11),”" and the results were analyzed with MCScanX to identify homolo-
gous segments across species.® Gene clustering analysis and the identifica-
tion of single-copy orthologous genes were performed using OrthoFinder
(v2.5.5) with a default E-value threshold of 0.001.* All identified gene
sequences were named according to the vertebrate MHC nomenclature
rules,” such as the S. chinensis MHC gene named Soch_MHC.

Based on the results of gene clustering and functional annotation, custom
R (v4.3.1) scripts were used to generate the MHC gene structure map for the
S. chinensis. Collinearity maps between species were created using
NGenomeSyn (v1.41) scripts, with orthologous genes explicitly annotated.

Divergence time of MHC
Based on the MHC genomic sequences of H. sapiens (as the outgroup), S.

chinensis, B. musculus, P. macrocephalus, B. acutorostrata, B. taurus and O.
aries, phylogenetic analysis was conducted using the identified single-copy
orthologous genes. The coding sequences (CDS) were concatenated to form
inferred sequences for phylogenetic reconstruction. Phylogenetic trees for
MHC class |, Il, and Il genes, the entire MHC region, as well as for whole
genome sequences were constructed using RAXML (v8.0.26),"" and the
results were visualized for presentation.

The molecular clock theory posits that the rate of substitution of codons in
a species’ gene sequences is largely unaffected by time, suggesting a rela-
tively constant evolutionary rate. Therefore, the genetic distance between two
species is proportional to their divergence time.* In this study, we referenced
the divergence times of species from the TimeTree database (https://time-
tree.org), alongside fossil record data, as calibration points. The basic infor-
mation of divergence time correction point is shown in Table S2. Finally,
using the memctree module in PAML v4.10.7," we estimated the divergence
times of different MHC genes by analyzing the whole MHC region, as well as
the MHC class |, II, and Ill gene regions for seven species.

Other methods

Methods relating to statistics, MHC expansion and contraction, positive
selection, resequencing data processing, population polymorphism analysis,
and population environmental adaptation analysis are provided in the supple-
mentary file.

RESULTS AND DISCUSSION
Structure of the MHC region in the S. chinensis

Through genome annotation and multi-species gene collinearity analysis,
we successfully isolated and analyzed the intact MHC regions of six species,
S. chinensis, B. musculus, P. macrocephalus, B. acutorostrata, B. taurus and
O. aries, while using H. sapiens MHC as the outgroup. Here we further show-
case the MHC details of S. chinensis (Figure 1, please see MHC structures of
the other 3 cetacean species in Figures S1-S3). The MHC region of the S.
chinensis is bounded by one of the flanking markers SCGN and GCLC on the
other end, spans 3.97 Mb, and contains 219 genes. Please see data details in
Table S3. As shown in Figure 1, the MHC region of the S. chinensis consists
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Table 1. Distribution of MHC genes in the S. chinensis.

Subregion Length (Mb) Percentage (%) Gene Count Gene density (Gene count/Length)
I 0.62 16.00 39 62.90
II 0.68 17.00 24 35.29
[11 0.63 16.00 46 73.02
I -extended 1.82 46.00 98 53.85
Il -extended 0.22 5.00 12 54.55
Total 3.97 100.00 219 55.16
of five subregions: II, ll-extended, IlI, I, and I-extended. The ll-extended region  each other both within cetaceans and within their terrestrial relatives, but

is linked to the class Il region, and the class | region is connected to the I-
extended region, with the class Ill genes in between. The gene categories and
their arrangement are highly similar to the published human HLA region
genes.* Notably, although we did not annotate any classic class | genes (i.e.,
A, B, C) in the S. chinensis MHC region, we still categorized the framework
genes into the class | subregion, following the convention established in the
HLA region,” where classic class | genes are interspersed with framework
genes.

MHC class Il gene region is interrupted by the centromere on chromo-
some 10. The intervening sequence is about 15.40 Mb long, dividing the MHC
class Il gene region into two subregions, lla and lIb. The lla segment includes
classic and non-classic gene loci such as DOA, DOB, DMA, DMB, and DPB,
while the Ilb segment contains classic gene loci such as DRA, DRB, DQA, and
DQB. The ll-extended region genes are inserted between the lla and Ilb gene
regions, differing from the relationship between HLA class Il and Il-extended
genes in humans.*

The distribution of class |, II, and Il gene regions is shown in Table 1. The
MHC class | and related |-extended gene region are the longest, with a total
length of approximately 2.44 Mb and the highest number of genes, 137. The
class Il and related genes follow, with a length of 0.90 Mb and 36 genes. The
class Ill gene region is the shortest, it has 46 genes, indicating a higher gene
distribution density compared to other subregions.

In ancestral mammals, class | and class Il genes are interspersed, and the
distribution sequence of MHC gene subregions is extended class Il, class I/1l,
class I, framework, extended class I.”” With the evolution of mammals, such
as in mice, class | genes have interspersed across class Il genes and frame-
work genes, a pattern also observed in marine mammals. Before the specia-
tion between Artiodactyla and Cetacea, class | genes underwent reorganiza-
tion across class Ill genes, and subsequently, frequent contractions and
expansions occurred in different species.”” Specifically, Fukami-Kobayashi et
al. (2005) suggest that long interspersed nuclear element (LINE) sequences
can trigger the duplication of genomic fragments, generating paired dupli-
cated genomic segments, which may lead to the duplication of class | genes
within framework genes.* The linkage between class | genes and framework
genes may impact the polymorphism of class | genes and their co-evolution,
closely related to the expansion and contraction of the class | gene family.”

Comparative analysis of repetitive sequences in
cetaceans and their terrestrial relatives

To examine the differences of MHC genes between cetaceans and their
terrestrial relatives at genomic level, we conducted a repetitive sequence (i.e.,
TE elements, Tandem Repeat) analysis. Compared to the genome-wide
content, the proportion of TE elements in MHC region in B. taurus and O. aries
is not significant (P >0.05). In B. taurus, the repetitive sequence content in the
MHC region is 46.27%, while in the entire genome, it is 46.23%. For O. aries,
the repetitive sequence content in the MHC region slightly decreases from
genome-wide 43.66% to 41.72%. However, in cetaceans, the proportion of
repetitive sequences in the MHC region slightly decreases: S. chinensis from
35.42% to 28.68%, B. acutorostrata from 44.28% to 33.72%, B. musculus from
36.10% to 33.46%, and P. macrocephalus from 34.93% to 30.69%, indicating
that MHC functions in cetaceans were probably streamlined or specialized
compared to their terrestrial relatives (P> 0.05, Table S4).

Specifically, the content and composition of Retroelements are similar to

representative

differs largely across groups (Table S4). Retroelements reduce significantly in
cetaceans (P < 0.05, Table S5), which may primarily due to the loss of RTE
elements and LTR elements (Figure 2 & Table S4). Ruminants such as cattle
and sheep have a highly expanded RTE-BovB type element, accounting for
about 17-19% of their genomes and approximately 16% in the MHC region. In
cetaceans, however, the RTE-BovB type element is almost all lost, both in
MHC and whole genome (Figure 2 & Table S4). Besides, we also find that LTR
elements in cetaceans are significantly reduced compared to their terrestrial
relatives (P < 0.05), their proportion in whole genome and in MHC regions is
relatively the same (Figure 2 & Table S5). Our results indicate that the loss of
RTE-BovB and LTR in cetaceans is likely an adaptation strategy to their
aquatic environment.

Though the LINEs in cetaceans are significantly reduced, it is because they
nearly lost all the RTE-BovB (P < 0.05, Table S5). The L1/CIN4 in cetaceans
are obviously expanded, and the proportions of L1/CIN4 in cetacean
genomes are higher than in their MHC genes (Figure 2 & Table S4), indicating
a positive adaptation to the aquatic environment, but with limited relevance to
immune adaptation.

Also, cetaceans have significantly higher proportions of SINE elements (P <
0.05, Table S5 & Figure 2), with a higher distribution in MHC genes than in
genomes (Table S4 & Figure 2), indicating that these elements are important
for their immunity in aquatic environment, as well as contribute to adaptation
to the aquatic environment.

Compared to their terrestrial relatives, cetaceans have a lower proportion of
repetitive sequences in the MHC region, which may be a specific result of
gene contraction in this region. Our study found that cetaceans have at least
8% fewer repetitive sequences in their genomes compared to their terrestrial
relatives. A certain study examined 11 cetacean species, 6 pinniped species,
and their terrestrial relatives, finding that most marine mammals had about
10% fewer repetitive sequences than their terrestrial relatives, with similar
compositions of repetitive elements at the DNA transposons, LINEs, LTR
elements, and SINEs levels. In contrast, ruminants have a richer repertoire of
five types of repetitive sequences, including LINE/RTE-BovB, LTR/ERVT,
LTR/ERVK, SINE/CORE-RTE, and SINE/tRNA-CORE-RTE.” L1 and L2 both
belong to LINEs. Our study found that the content of L1 and L2 in cetaceans
is higher than in their terrestrial relatives, both at the MHC and genomic levels
(Figure 2). L1 has autonomous transposition ability, can self-replicate, and
inserts into the genome through a reverse transcription mechanism. L1
elements encode two proteins, ORF1p and ORF2p, which have RNA-binding
and reverse transcriptase activities, respectively. These LINEs can influence
genomic stability and gene expression regulation in cetaceans, playing a
crucial role in their genomic evolution and adaptation.”®

Conservation and contraction of MHC regions in cetacean

In addition to repetitive sequences, we further analyzed the genes of MHC
regions. The MHC loci in these seven mammals are tightly linked within
specific chromosomal regions. The arrangement of MHC genes across the
seven species shows a high degree of linear relationship. In comparison to H.
sapiens, where class Il genes form a continuous region, the class Il region in
B. taurus is divided into two subregions, Illa and lIlIb, separated by the
centromere. The gene arrangement in the Il-extended region and the lla
region is reversed compared to that in humans. While minor segmental inver-
sions of class Il and Il-extended genes are observed among H. sapiens, B.
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Dark blue lines represent single-copy orthologous genes. Gene names are listed at the top of the figure. Species are arranged from top to bottom as follows: H. sapiens, B. taurus,
O. aries, B. musculus, B. acutorostrata, P. macrocephalus, S. chinensis.
taurus, and O. aries, the overall linear arrangement of the remaining genes is
well conserved. Notably, compared to human, cetaceans exhibit high conser-
vation and significant linearity in the class Il and ll-extended regions (P <
0.05), with no inversions detected across B. taurus and O. aries (Figure 3).

The comparative analysis of the MHC regions between cetaceans and their

terrestrial relatives reveals distinct evolutionary modifications in cetaceans.
Compared to terrestrial mammals, the MHC regions in cetaceans appear
more compact, with reduced gene content, especially in the extended class |
and class Il regions, potentially reflecting a streamlined immune system
adapted to aquatic environments. Despite the reduction in gene content,
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cetaceans maintain the basic synteny and framework regions of the MHC.
This suggests that while gene loss or pseudogenization occurred, the overall
structural organization remains conserved. The antigen-processing genes
remain conserved across species, indicating their critical role in immune
function has been retained throughout cetacean evolution.

Gene family clustering identified 67 single-copy orthologous genes among
the seven species (as listed in the upper side of Figure 3). They are 2 class Il
genes (DRA and RBD?2), a large number of class Il genes (29/74), framework
genes (30/79), and class | extended region genes (13/79). These conserved
regions can provide a reference for future identification of MHC regions in
more mammalian species. Framework genes, including loci such as MOG,
PPP1RT11, TRIM26, TRIM39, GNLI1, POU5F1, and BATI, generally exhibit
conservation within the MHC region across animals. Among all the genes,
class Ill genes exhibit the highest level of conservation, accounting for 43.3%
of all conserved orthologous genes, while class Il genes show the lowest
conservation. This suggests that class Il and | genes, compared to Ill genes,
have greater variability.

Statistics of the length and number of genes in each MHC subregion
across the seven species are summarized in Table S6. The overall length of
the MHC region varies among species, with terrestrial animals (6-8 Mb)
exhibiting significantly longer lengths than cetaceans (~ 4-5 Mb) (P < 0.05).
Calculations also reveal significant differences in gene density within the
MHC regions among species (P < 0.05). The gene density in human HLA
region is the lowest, approximately 33 genes/Mb, while B. taurus and O. aries
MHC regions show similar densities, about 45-50 genes/Mb. In contrast, the
density in cetaceans is significantly higher, about 50-60 genes/Mb. However,
this phenomenon is due to the significantly higher gene density in class |l
region (30-42 genes/Mb) compared to terrestrial mammals (20-25
genes/Mb); for the other regions, gene density is comparable (Table S6).
Class Ill gene density is the highest in all the investigated seven species and
does not show clear aquatic adaptation traits. This phenomenon of reduced
MHC region length and increased gene density in cetaceans likely reflect
adaptations to a marine lifestyle, including different pathogen exposures and
immune requirements, and they highlight the balance between maintaining
critical immune functions and streamlining genetic regions.

MHC gene family expansion, contraction, and functional enrichment
analysis

As we know that MHC regions in cetaceans are largely contracted for the
adaptation of aquatic environment, except for the loss of RTE-BovB elements,
we still do not know if there is contraction/expansion of important genes.
MHC gene family expansion and contraction analysis shows that compared
to terrestrial species, cetaceans exhibit a clear contraction of their MHC
genes, with 14 orthogroups undergoing contraction and only 2 orthogroups
undergoing expansion (Figure 4). In comparison to their common ancestor,
the S. chinensis shows a more pronounced pattern of expansion and
contraction, with 42 orthogroups undergoing contraction and only 6
orthogroups undergoing expansion.

Compared to terrestrial mammals, 87 MHC orthogroups in cetaceans

Balaenoptera acutorostrata . @\

—————— Bos taurus . “
+9/-12 N
~r
"——— Ovis aries
® 3

g

Figure 4. The expansion and contraction of MHC
orthogroups in 7 species.

show contraction, whereas 14 orthogroups
show expansion, specifically, seven
orthogroups exhibit significant contraction (P <
0.05, Table S7 & Figure 4). Compared to the
other three cetacean species, the S. chinensis
does not display any significant orthogroups
undergoing expansion or contraction (P > 0.05).
However, it does exhibit contraction in 38
orthogroups and expansion in 17 orthogroups,
with two of these orthogroups showing more
B than three instances of expansion (Table S7).
% These two orthogroups primarily consist of

zinc finger proteins and histone genes, which

may play crucial roles in neural development,
as well as in gene expression regulation and DNA repair.**®

We further conducted enrichment analysis for these orthogroups. To adapt
to a specific environment, species are likely to undergo gene duplications and
losses, leading to the expansion and contraction of genes.“**® Previous stud-
ies on convergent evolution across species suggest that when species face
selective pressures such as environmental changes or feeding competition,
genes undergo directional expansions and contractions related to these pres-
sures.” In our present study, cetaceans show gene expansions and contrac-
tions associated with aquatic adaptations compared to terrestrial species. GO
enrichment analysis of the expanded gene set in the cetaceans reveals
enrichment in terms related to the negative regulation of nitrogen compound
metabolism (GO:0051172), negative regulation of macromolecule biosyn-
thetic processes (GO:0010558), and negative regulation of cellular metabolic
processes (G0:0031323) (Table S8 & Figure S4). These genes may be asso-
ciated with adaptation to low-oxygen conditions in the aquatic environment.
A study on the brain transcriptome of the harbor seal showed that compared
to its terrestrial relative, the ferret, genes related to oxidative phosphorylation
and other high-energy-consuming processes were significantly downregu-
lated. This metabolic reduction helps the seal survive in hypoxic conditions by
conserving oxygen and reducing energy needs, thus extending dive times.*

KEGG enrichment analysis of the contracted gene set in the cetaceans
highlights pathways related to natural killer cell-mediated cytotoxicity
(ko04650) and antigen processing and presentation (ko04612), which may be
linked to adaptation to varying pathogen pressures in the aquatic environ-
ment (Table S8 & Figure S4). Pathogen types in aquatic environments differ
from those on land in factors such as temperature, salinity, and oxygen
levels. Some pathogens may not exist in aquatic environments or pose less
of a threat to aquatic animals, which could reduce the selective pressure on
certain immune pathways, leading to gene contraction. The contracted gene
set also includes functions related to olfactory transduction (ko04740), which
may be linked to adaptations in response to aquatic environments. A study
on populations at different altitudes found that the most significant adaptive
difference was a reduction in olfactory response in high-altitude regions.™
Similarly, gene family contractions related to olfaction were found in foxes
living at high altitudes, suggesting that extreme environment conditions are a
key factor in the contraction of olfactory genes™, modern cetaceans have lost
a substantial number of olfactory receptor genes.”

To specifically investigate how defined cetacean species adapt to their
unique habitat, we use S. chinensis as a representative, which is character-
ized as tropical/subtropical coastal species with high habitat fidelity.” The
results reveal several adaptive traits in tropical/subtropical coastal waters
(Figure S5 & Table S9). KEGG enrichment analysis of the expanded gene set
suggests pathways related to necroptosis (ko04217) and neutrophil extracel-
lular trap formation (ko04613), which may be linked to adaptation to greater
pathogen pressures in coastal environments (Figure S5B). Neutrophils, the
most abundant white blood cells in the blood, play a crucial role in host
defense and chronic inflammatory diseases. They can release their DNA in
the form of NETs, which trap bacteria. Coastal waters often face higher
pathogen pressures than open-ocean regions due to the complexity of the
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Figure 5. Phylogenetic tree and divergence times of the investigated species based on different sequences (A) to (E) represent the analysis results based on the whole
genome, MHC regions, MHC class | region, class Il region, and class Ill region, respectively. Blue data points indicate the divergence times at each node.

ecosystem and human activities such as agricultural runoff and pollution.
NET formation may thus be a key mechanism for the S. chinensis to cope
with coastal pathogen pressures. GO enrichment analysis of the contracted
gene set reveals enrichment in terms related to reproduction, indicating that
breeding at coastal waters may face less immune pressure comparing to
oceanic or deep-sea waters (Figure S5C).

The divergence time of the MHC in cetaceans

To further investigate when different classes of MHC genes evolved during
transition of ancestral cetaceans from land to sea, we reconstructed the
phylogenic tree of them. According to the data of our selected seven species,
we find that phylogenic tree based on whole genome data (Figure 5A) and
MHC regions (Figure 5B) are different, indicating a different evolution pattern
between them. To identify how different genes specifically evolved, we further
constructed their phylogenic tree based on different MHC subregions
(Figures 5C-E). Results show that the topology change of the MHC trees are

due to changes in class | and Il genes indicating a different evolution pattern
with the whole genome, whereas the topology of class IlI tree are highly the
same with that of whole genome data (Figure 5E). These results indicate that
MHC class | and Il genes play a vital role for the adaptation of water environ-
ment in cetaceans while the highly conserved class Il genes show little
correlation with adaptation to water environment. Besides, the divergence
time of class | and Il genes between ruminants and cetaceans was esti-
mated to be 62.9 (95% confidence interval, 43.9-85.7) Mya, and 69.0 (48.3-
92.5) Mya, respectively; while the divergence time for MHC class Il genes was
55.8 (52.9-58.9) Mya. The divergence times of class | and Ill genes were
earlier. This further supports the phenomenon of MHC class | gene migration,
where class | genes crossed over and rearranged with class Ill genes, subse-
quently undergoing frequent expansions and contractions in different
mammalian species.”

When we look into the MHC gene tree regarding all the cetacean species,
we find that for MHC class Il genes (55.8 Mya), they split after the divergence
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of ruminants and cetaceans 57.8 (53.0-59.4) Mya, but earlier than the follow-
ing cetacean species diverse 34.4 (32.3-35.2) Mya (Figure 5D), suggesting
that evolution of class Il genes in cetaceans are critical for the fast adapta-
tion of their ancestor to aquatic environment, but for the subsequent
cetacean species diverse for different habitats, class Il genes worked less.
For class | genes, situation is different. These genes split before the cetacean
ancestors entered the sea, 62.9 (43.9-85.7) Mya vs 57.8 (53.0-59.4) Mya, but
evolved again during the subsequent split of cetacean species and caused a
different phylogenic tree topology compared to the whole genomic data. The
evolution pattern of class | genes suggests they may be critical for the adap-
tation of different aquatic habitats, and thus is important for the diversity of
cetaceans.

Positively selected MHC genes for aquatic adaptation

To further investigate the important MHC genes for aquatic environmental
adaptation, we analyze which genes are positively selected. Compared to B.
taurus and O. aries, cetaceans exhibit significant positive selection in 17
genes: BRD2, DRA from class Il region, ApoM, TNF, CSNK2B, ABHD16A, LTB,
MCCD1 from class Il region, ZBED9, ZSCAN31, C6orf15, MRPS18B, MOG,
TRIM15, PPP1R11, ZNRD1, PPP1R10 from class | region. Compared to three
other cetacean species, S. chinensis shows significant positive selection in
nine genes: DRA from class Il, LTB from class lll, MOG, MRPS18B, PPP1RT1,
TRIM15, Céorf15, ABCF1, ZBED9 from class I. The specific positively selected
amino acid sites are detailed in Table ST0. Among them, eight repetitively
detected genes, i.e., DRA from class Il, LTB from class Ill, ZBED9, Cé6orf15,
MRPS18B, MOG, TRIM15, and PPPTR11 from class |, were found to be under
positive selection throughout the entire cetacean evolution trajectory. The
presence of positive selection in all these genes suggests that they have
played critical roles in the aquatic adaptation of cetaceans and may have
been especially important in enabling S. chinensis to thrive in its specialized
nearshore and shallow-water environment.

Based on the results of gene family expansion and contraction, we find that
during the aquatic transition of cetaceans, the gene family associated with
LTB (Lymphotoxin Beta) underwent contraction, meanwhile the LTB gene
itself was under positive selection. LTB encodes a type || membrane protein
that functions through complex formation with lymphotoxin q, playing a key
role in inflammation and immune regulation.”™" The concurrent contraction
of the gene family and positive selection on the retained copy suggests func-
tional optimization, where redundant paralogs may have been lost and the
remaining gene refined to carry out essential immune functions. In terrestrial
environments, multiple L7B-related genes might be required to maintain a
broader or more complex immune response, whereas in the aquatic environ-
ment, such complexity may no longer be necessary, and a single optimized
copy may suffice.

In contrast, the DRA-related gene family showed expansion when modern
cetaceans evolved to inhabit shallow coastal waters, and the DRA gene was
also under positive selection. DRA encodes the a-chain of MHC class Il
molecules, which are crucial for presenting extracellular pathogen-derived
peptide fragments to T cells, thus mediating adaptive immune responses
(provided by RefSeq, 2020). The observed expansion of the DRA gene family
may indicate an increased importance of this function in the marine environ-
ment, potentially requiring higher gene dosage or functional diversification to
cope with pathogen exposure in coastal waters. Some of the duplicated
copies may have undergone neofunctionalization or subfunctionalization, and
positive selection could have driven the fine-tuning of these functions. This
may reflect an enhanced immune defense mechanism in species such as the
S. chinensis, which inhabits pathogen-rich nearshore environments.

Population polymorphism analysis

In the aforementioned sections, we discuss the evolution of MHC regions
of mammals during the transition from land to the sea at species level. We
also want to know how their MHC genes evolve at population level. Consider-
ing this, we take S. chinensis, a highly habitat faithful species as an example.
We used five geographical representative S. chinensis populations data from
the South China Sea: Leizhou Bay (LZB), Sanniang Bay (SNB), Jiangmen (JM),
Quanzhou-Xiamen (QZ-XM), Sanya (SY), and one outgroup individual from
Thailand (TH). The phylogenetic tree based on SNPs from whole genome

resequencing shows that these populations have a clear genetic structure
corresponds to their geographic distribution. However, population genetic
analysis based on the MHC region does not distinctly separate the five
subpopulations. Details are shown in Figure 6.

The principal component analysis (PCA) of the whole genome resequenc-
ing data in S. chinensis reveals obvious differentiation between the individual
from Thai waters and the South China Sea populations. The South China Sea
population can be roughly divided into four subgroups: LZB, SNB, QZ-XM, and
SY (Figures 6C & E). Our results clearly show that though different S. chinen-
sis populations have clear genetic structure at genomic level, the MHC genes
seem not play a key role for their population genetic differentiation.

Population-level features of MHC environmental adaptation

The Pi results for the S. chinensis populations show that the QZ-XM popu-
lation has higher values compared to the LZB and SNB populations. The
polymorphism of MHC class Ilb and some class | gene loci is higher than that
of other regions (Figure 7 & Table S13).

Several gene loci, including DQB, OOEP, DQA, DRB, BTNTAT from class I,
BTN3A3 TRIMZ26, TRIMA40 from class |, and CFB, SFTA2 from class IlI, exhibit
higher (top 5%) polymorphism compared to other MHC genes (Figure 7).
Immune-related genes are typically crucial for individual survival.”"™® We
further conducted functional enrichment analysis on these genes with high
genetic polymorphism. We find that they are significantly enriched in the
"positive regulation of immune response” pathway (P < 0.05). These gene
regions may provide the population with a defensive advantage against
pathogens through genetic diversity. We also find these genes enriched in
“interferon gamma signaling” pathway, which plays a key role in antiviral
responses and immune system regulation. High diversity in this pathway
could be the result of the population adapting to various viruses or other
pathogens (Figure S6).

Tajima's D analysis shows that most MHC genes have a low level of selec-
tion. However, some gene loci with Tajima's D obviously greater than 0 (top
1%) suggest that these genes might be under higher levels of balancing
selection (Figure 7 & Table S11). Most of the selected genes are from LZB
with a small proportion from QZ-XM and SNB, indicating that LZB may suffer
population contraction now. The strong selected genes in LZB population are
primarily enriched in the "positive regulation of immune response" pathway,
suggesting that balancing selection has likely maintained the genetic diver-
sity of pathogen resistance genes to cope with a diverse infection environ-
ment (Figure S7A). Certain gene loci with Tajima's D obviously less than 0
(least 1%) suggest these loci may have undergone a selective sweep, likely
due to the rapid spread of advantageous mutations within the population.
This is particularly evident for some loci in SNB. Functional enrichment analy-
sis of these genes shows that they are mainly enriched in pathways related to
positive regulation of immune response, and positive regulation of DNA-bind-
ing transcription factor (Figure S7B).

Based on the combined results of nucleotide diversity (Pi) and Tajima's D
analyses, a total of nine genes, i.e., TRIM26, TRIM40, BTN3A3 from class |,
OOEP, DQB, DQA, DRB, BTN1AT from class I, CFB from class Il exhibit both
high genetic polymorphism and strong signatures of selection. These find-
ings suggest that most of the genes with high levels of polymorphism (9/10)
encountered strong natural selection.

By calculating the genetic differentiation index (Fsf) between pairwise
combinations of the S. chinensis populations (Table S14 & Figure S8), we
observe varying degrees of MHC differentiation between different popula-
tions and regions. As shown in Figure S8, there is substantial differentiation
mainly occurs in the MHC class | and Il regions. Specifically, the differences
between the LZB and SNB populations mainly occur in the I-extended region,
(Fst> 0.25, Figure S8A); while LZB and QZ-XM in the front portions of the lla,
llb, and | regions (Figure S8B). The specific loci showing differentiation are
provided in Table S12.

Based on the top 5% of values from Fst (threshold Fst > 0.30) and XP-CLR
(threshold XP-CLR > 1.74) analyses, four genes are identified as candidates
under strong natural selection in different populations of the S. chinensis.
They are DOB, DMA, BTN1AT from class Il, and NOTCH4 from class IIl.

Integrating population genetic analyses (Pi, Tajima's D, Fst and XP-CLR),
we find that BTNTAT may play critical roles in the adaptation of S. chinensis
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Figure 6. Geographic distribution and phyloge-
netic relationships of six populations of the S.
chinensis (A) depicts the geographic distribution of
the S. chinensis samples collected in this study. (B)
and (C) show the phylogenetic trees based on the
MHC region and whole-genome resequencing data,
respectively. (D) and (E) display the principal compo-
nent analysis (PCA) of the MHC region and whole-
genome resequencing data, respectively.

CONCLUSIONS

In this study, we identified and isolated the
complete MHC regions of four representative
cetacean species and compared them with their
terrestrial relatives to reveal adaptation strate-
gies for water environment immunity through-
out cetacean evolutionary history.

In cetaceans, the proportion of repetitive
sequences in the MHC region slightly decreases,
i indicating a streamlined or specialized MHC
O function compared to terrestrial relatives. RTE-
‘ : BovB elements are nearly absent, and LTR
elements are significantly reduced in both MHC
and the whole genome (P < 0.05), likely as an
adaptation to aquatic environments. L1/CIN4
elements are expanded, with higher proportions
in cetacean genomes than in MHC genes,
suggesting positive adaptation to aquatic condi-
tions but limited relevance to immune adapta-
tion. Cetaceans exhibit significantly higher
proportions of SINE elements, more concen-
trated in MHC genes than in genomes, indicat-
ing their importance for immunity and aquatic
adaptation.

MHC regions in cetaceans appear more
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compact, with reduced gene content, particu-
larly in extended class | and class Il regions,
reflecting a potentially streamlined immune
system adapted to aquatic environments.
Despite gene loss or pseudogenization,
® cetaceans maintain basic synteny and frame-
work regions. class Il genes show the highest
conservation (43.3% of conserved orthologous
genes), while class Il genes exhibit the lowest,
indicating greater variability in class | and Il
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populations to their specialized habitats. As a member of the butyrophilin
(BTN) gene family, BTN is genetically associated with inflammatory diseases
and are predominately located within the MHC, BTN proteins function in T cell
inhibition and epithelial cell -T cell interactions, suggesting their involvement
in fine-tuning immune responses to local environmental pressures.”’

Our analyses also reveal that the TRIM gene family, particularly TRIMZ26,
and TRIMA40, experienced positive selection during the transition from terres-
trial to aquatic environments, followed by further diversification across
ecological niches. High interpopulation diversity (Pi, Fst) and strong selection
signals (Tajima’s D, XP-CLR) indicate that these genes were also very impor-
tant for S. chinensis populations get accustomed to their special habitats.
TRIM proteins are known regulators of autophagy, immunity, and carcino-
genesis.”” Previous studies have shown that TRIM26 has been shown to
participate in various physiological and pathological processes, including
involvement in numerous malignancies and psychiatric disorders.” Given
their roles as described above, future studies combining environmental
genomics and functional assays could elucidate the precise mechanisms by
which these genes facilitate habitat-specific adaptation in cetaceans.

PC1(46%)

-0.2 0.0 genes. MHC gene density in cetaceans is signif-
icantly higher (50-60 genes/Mb), primarily due

to elevated density in the class Il region (30-42

genes/Mb) compared to terrestrial mammals (20-25 genes/Mb); other
regions have comparable densities.

The expanded gene set in cetaceans enriches terms including negative
regulation of nitrogen compound metabolism (G0O:0051172), macromolecule
biosynthetic processes (GO:00710558), and cellular metabolic processes
(G0O:0031323), potentially linked to low-oxygen adaptation. In S. chinensis,
expanded genes enrich pathways for necroptosis (ko04217) and neutrophil
extracellular trap formation (ko04613), possibly adapting to coastal pathogen
pressures. Contracted genes in cetaceans include olfactory transduction
(ko04740), associated with aquatic adaptations, while in S. chinensis, they
relate to reproduction, suggesting lower immune pressure in coastal breeding.

Phylogenetic analyses indicate that MHC class | and Il genes are vital for
cetacean water environment adaptation, with class Il genes critical for ances-
tral rapid adaptation and class | genes for subsequent habitat diversification.
Highly conserved class Ill genes show little correlation with aquatic adapta-
tion. Species-level selection analyses reveal strong positive selection for DRA
(class II), LTB (class Ill), and ZBED9, Cé6orf15, MRPS18B, MOG, TRIM15,
PPPIR11 (class I) throughout cetacean evolution, crucial for aquatic adapta-
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Figure 7. Polymorphism analysis of Pi and Tajima's Din S. chinensis populations.

tion and S. chinensis's nearshore success. Population-level analyses identify
natural selection for DOB, DMA, BTNTAT (class Il), and NOTCH4 (class Ill)
across S. chinensis populations, with 9 genes, i.e., TRIM26, TRIM40, BTN3A3
(class 1), OOEP, DQB, DQA, DRB, BTNTAT (class Il), and CFB (class Ill), show-
ing high polymorphism and strong selection signatures within different S.
chinensis populations. Besides, the evolutionary patterns of MHC genes differ
significantly from those observed at the genome-wide level between differ-
ent S. chinensis populations, suggesting that previous studies utilizing MHC
genes as genetic markers to infer population genetic structure should be
interpreted with caution.

We would also like to emphasize that limited sample sizes may result in
highly skewed and statistically unreliable signals in population genetics anal-
yses. To ensure the robustness of our conclusions, populations with insuffi-
cient sample sizes (i.e., SY, JM, and TH) have been excluded from inter-popu-
lation statistical comparisons. Meanwhile, the QZ-XM population also
exhibits a relatively small sample size compared to the LZB and SNB popula-
tions. Therefore, the primary findings on MHC gene selection at the popula-
tion level may need to be validated in larger and more diverse populations. In

addition, while we employed GO and KEGG enrichment analyses to infer
potential functional adaptations of strongly selected genes in this study, it is
important to note that these bioinformatic predictions, based solely on
genomic sequence data or gene set enrichment, cannot directly confirm
physiological adaptations. The identified functional associations should be
regarded as putative hypotheses. Thus, further experimental validation, such
as transcriptomic profiling or functional assays, will be necessary to confirm
the specific molecular mechanisms underlying these adaptations.

In summary, cetaceans exhibit streamlined MHC regions with reduced
repetitive elements and gene content, yet maintain conserved structural
frameworks. Key adaptations include loss of RTE-BovB elements, contracted
LTR elements, expanded SINE elements and specific gene enrichments for
low-oxygen tolerance, while class | and Il genes drive evolutionary responses
to aquatic habitats, supported by strong selection pressures across species
and populations. Our study also showcases that marine ecosystems may be
more stable and hospitable than terrestrial ones, thereby maintaining reduced
selective pressures—this is why cetaceans appear to have streamlined
immune gene repertoires.
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